Abstract An energetic earthquake sequence occurred during September to October 2017 near Sulphur Peak, Idaho. The normal-faulting M w 5.3 mainshock of 2 September 2017 was widely felt in Idaho, Utah, and Wyoming. Over 1,000 aftershocks were located within the first 2 months, 29 of which had magnitudes ≥4.0 M L . High-accuracy locations derived with data from a temporary seismic array show that the sequence occurred in the upper (<10 km) crust of the Aspen Range, east of the northern section of the range-bounding, west-dipping East Bear Lake Fault. Moment tensors for 77 of the largest events show normal and strike-slip faulting with a summed aftershock moment that is 1.8-2.4 times larger than the mainshock moment. We propose that the unusually high productivity of the 2017 Sulphur Peak sequence can be explained by aseismic afterslip, which triggered a secondary swarm south of the coseismic rupture zone beginning~1 day after the mainshock.
Introduction
On 2 September 2017, an M w 5.3 normal-faulting earthquake occurred about 12 km east of Soda Springs, Idaho, near Sulphur Peak (origin time of 23:56:52 UTC, epicenter of 42.647°N, 111.449°W, depth of 9.5 km; U.S. Geological Survey, 2017) . It was widely felt throughout southeastern Idaho, northern Utah, and western Wyoming, though it caused little damage. The earthquake was located in the Intermountain Seismic Belt (ISB), a diffuse band of seismicity in the western United States that stretches from northwestern Arizona to northwestern Montana (Figure 1 ; Smith & Arabasz, 1991) . The ISB is dominated by extensional tectonics with the minimum horizontal stress oriented roughly east-west. Like previous earthquake sequences in the southeastern Idaho portion of the ISB-such as the M w 5.7 Draney Peak sequence of 1994 (Brumbaugh, 2001 )-the 2017 Sulphur Peak sequence was very energetic. Nine foreshocks with coda duration magnitudes (M C ) of 1.3-4.1 were recorded in the 34 min prior to the mainshock, and over 1,000 aftershocks were located within the first 2 months.
The 2017 Sulphur Peak sequence is notable in at least two respects. First, it appears to be a repeat of two earlier seismic sequences, one in the summer of 1960 and the other in the fall of 1982. Between 23 July and 26 August 1960, the U.S. Coast and Geodetic Survey reported instrumental locations for 17 earthquakes (maximum intensity of MMI VI) in southeast Idaho (longitudes of 111.2-111.7°W, latitudes of 42.3-42.6°N; Talley & Cloud, 1962) . The locations are precise to only 0.1°or 0.5°but felt reports confirm that the sequence happened near Soda Springs and had many more events. During the fall 1982 sequence, following the largest earthquake of M L 4.7, a temporary network of 19 stations was deployed in the epicentral region and
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recorded approximately 2,000 earthquakes in 11 days (Smith et al., 1983) . A joint hypocentral relocation technique was applied to 219 of the best-recorded earthquakes (Arabasz & Julander, 1986) , and the resulting epicentral zone overlaps the 2017 sequence ( Figure 2 ).
A second notable feature of the 2017 Sulphur Peak sequence is that it occurred beneath the Aspen Range to the east of the west-dipping northern section of the East Bear Lake Fault (EBLF), which bounds the range ( Figure 2 ). The EBLF is the master normal fault in the region. A geological cross section by Evans et al. (2003) near the 1884 epicenter (Figure 1b) shows the EBLF dipping steeply to the west near the surface but becoming listric at depth and merging into the low-angle Home Canyon thrust; however, for seismic hazard analyses, the EBLF and other ISB normal faults are typically assumed to be planar with dips of 50°±15° (Petersen et al., 2014; Wong et al., 2016) . Quaternary-age fault scarps are observed along the three sections of the EBLF, and on the southern section, there is paleoseismic evidence for 5-7 surface-rupturing (M6.8-7.2) earthquakes in the last 40,000 years, including two in the Holocene (McCalpin, 2003) . Recent geodetic observations confirm significant present-day deformation near the EBLF with an extensional strain rate of 6.4 ± 0.5 × 10 À9 yr À1 (Payne et al., 2012 ).
Here we document detailed properties of the 2017 Sulphur Peak sequence using data recorded from a network of eight seismographs that was temporarily deployed in the source region from 6 September through 26 October 2017. We combine the local seismic data with data from several permanent regional seismic networks to generate high-accuracy locations and magnitudes for 1,048 earthquakes. We explore differences in locations among multiple algorithms to evaluate the final locations. We also invert regional distance waveforms for moment tensors of 77 of the largest events. Both frequency-magnitude statistics and cumulative moment calculations indicate that the 2017 Sulphur Peak sequence was substantially more energetic than a typical mainshock-aftershock sequence. Motivated by these observations, we explore mechanisms of aftershock triggering that can explain the anomalously high productivity of the 2017 Sulphur Peak sequence. 
Seismic Data for the 2017 Sulphur Peak, Idaho, Sequence
Nine permanent seismic networks (Table S1 ) operate 65 high-gain seismometers within 220 km of the 2017 Sulphur Peak mainshock, for which data are openly available in near real time (www.iris.edu/dmc); however, only three permanent stations are within 50 km of the epicentral area and there are significant azimuthal gaps to the west and east-southeast ( Figure S1a ). To achieve high-accuracy hypocentral locations, the University of Utah Seismograph Stations (UUSS) and the U.S. Geological Survey (USGS) partnered with the Idaho Geological Survey to deploy eight temporary seismographs in the epicentral region within 4-10 days of the mainshock ( Figure S1b and Table S2 ) including two strong-motion stations (Network UU; stations: ASI4 and ASI5) and six broadband plus strong-motion stations (Network GS; stations: ID05, ID06, ID07, ID08, ID09, and ID10). All eight stations transmitted data in near real time that were incorporated into UUSS and USGS monitoring operations. The six GS stations were demobilized 24-26 October 2017, while the two UU stations remain active, although ASI5 was moved 90 m and renamed ASI6. Data quality from the temporary stations is high, and we show waveforms from a typical local event in the supplement ( Figure S2 ).
Earthquake Locations and Magnitudes
We present the UUSS locations and magnitudes of 1,048 earthquakes in the 2017 Sulphur Peak sequence in Figure 2 . UUSS analysts manually picked P and S wave arrival times which we used to determine hypocenters with HYPOINVERSE (Klein, 2002) and a 1-D velocity model (Table S3 ) created during a study of the nearby 1994 Draney Peak earthquake sequence (Brumbaugh, 2001) . We calculated coda duration magnitudes (M C ) for >98% of the earthquakes and local magnitudes (M L ) for 84%, including all but four of the 548 events larger than~2.5 M L , which we estimate to be the magnitude of completeness. Details of the procedures used by UUSS to calculate magnitudes are available in Pechmann et al. (2006) for M C and in Pechmann et al. (2007) for M L . The two magnitude scales are designed to be seamless, and for earthquakes in the Utah region that occur deeper than 3-4 km, the average M L -M C is near zero (Koper et al., 2016) . The deployment of local seismometers greatly reduced location uncertainties. Beginning on 9 September 2017, when local data started to be routinely incorporated into the processing pipeline, the median of the standard errors in horizontal distance (ehr) dropped from 0.7 to 0.4 km, and the median of the standard errors in depth (ehz) dropped from 4.4 to 0.6 km. Because the Sulphur Peak sequence was independently processed by the USGS ( Figure S3 ) with a different velocity model, a different location algorithm, and different sets of arrival time picks, we can use the differences between the two catalogs to estimate the systematic, model-based uncertainties in the hypocenters. As shown in Figure S4 , the differences in epicenter and depth for the 436 events common to both catalogs have median values of 1.60 and 2.02 km, respectively. If we limit the comparison to the 183 common events located with temporary station data after 8 September ( Figure S5 ), the median values drop to 1.07 km (epicenter) and 1.67 km (depth).
The small uncertainties in absolute hypocenters imply that two first-order observations about the 2017 Sulphur Peak sequence are robust. First, most and perhaps all of the events are to the east of the westdipping EBLF, in its footwall block. The surface expression of this fault strikes NW-SE, following the trend of the Bear River. The northern events are clearly east of this feature, while the southern events are also likely in the footwall because of the westward dip of the fault zone. Second, the events are confined to the upper crust, with a median depth of 6.0-7.3 km and a maximum depth of~10-12 km below sea level ( Figure S6 ). These observations are similar to those made for the 1982 sequence (Arabasz & Julander, 1986; Smith et al., 1983) . The space-time pattern of seismicity in the 2017 sequence is also similar to the 1982 sequence in that it migrates from north to south ( Figure S7 ).
The pattern of southward migration, and other fine details of the space-time distribution of the 2017 seismicity, can be better imaged with techniques that use differential arrival times to jointly locate hypocenters in a relative sense. Here we use two approaches to generate high-accuracy relative relocations for the 2017 Sulphur Peak sequence. The first approach is a multiple-event, hypocentroidal decomposition method known as MLOC (Bergman & Solomon, 1990; Karasözen et al., 2016) , which splits the location problem into that for a cluster hypocentroid and separate earthquake cluster-vectors relative to that hypocentroid. Only near-source observations are used when locating the hypocentroid, which reduces absolute location bias introduced by unmodeled velocity structures. The second approach, known as GrowClust (Trugman & Shearer, 2017) , is likewise a cluster-based relative relocation algorithm, but one that incorporates differential arrival times measured via waveform cross correlation. The differential arrival times are powerful constraints and, similar to HypoDD (Waldhauser, 2000) , GrowClust can help resolve linear and planar structures from within diffuse clouds of seismicity.
In Figure S8 , we compare the epicenters from our four earthquake catalogs: the USGS absolute locations, the UUSS absolute locations, the MLOC relative relocations, and the GrowClust relative relocations. We used the UUSS absolute locations as starting points for both relative relocation approaches. The general pattern of seismicity is similar in each case; however, the finest details appear in the GrowClust relocations, which we present in Figure 3 . As expected, the locations remain mostly to the east of the EBLF, in the upper crust of the Aspen Range, and overlapping the western portion of the source area of the 1982 sequence. The detailed pattern of the 2017 seismicity remains the same even if we consider only those events that occurred after 8 September, when local arrival times were routinely included in the locations ( Figure S9 ).
As shown in Figure 3 , the seismicity decreases abruptly for depths greater than 7-8 km, which puts them in the uppermost 10 km of the crust after accounting for the average surface elevation of~2 km. This feature was inherited from the original UUSS locations. We confirmed that it is not an artifact by recomputing the UUSS locations in HYPOINVERSE with different starting depths, a slightly different velocity model, and changes to the distance weighting of P and S arrival times. In all cases, there remained a sharp drop-off in seismicity below a depth of 8-10 km. A similar pattern was observed during the 1982 sequence, which further suggests that the drop-off in the 2017 sequence is not a processing artifact. Arabasz and Julander (1986) reported that 84% of the earthquakes with good locations in 1982 occurred shallower than 7 km and only 15% occurred at depths of 7-10 km. They interpret the seismicity drop-off at 7-8 km with the Meade Thrust and the near cessation in seismicity at 10-11 km with the Absaroka Thrust. The Meade Thrust and Absaroka Thrust are low-angle detachments that formed under compressive stress conditions during the Mesozoic-Paleogene, and Arabasz and Julander (1986) hypothesized that these structural discontinuities, as opposed to rheological changes, exerted local control on the depth distribution of upper-crustal seismicity in the region.
North of about 42.61°N, near the mainshock, the seismicity extends more broadly in the east-west direction and forms two moderately SW-dipping planes that merge into a steep, NE-dipping plane (Figure 3 , red dots). Moving to the southeast, the moderate-dipping planes disappear and only a near-vertical, NE-dipping plane remains ( Figure 3 , blue dots). Continuing to the southeast, the seismicity forms a steep, NE-dipping plane and then jogs to the southwest and forms a steep, SW-dipping plane that crosses the Bear River in map view ( Figure 3 , black dots). All of the steeply dipping planar structures have NNW-SSE strikes that are rotated slightly clockwise from the trend of the Bear River Valley and the EBLF.
Moment Tensor Inversion of Seismic Waveforms
Three independent research groups reported a total of four moment tensor solutions for the Sulphur Peak mainshock (Table S4 ). The solutions are similar, with normal or oblique-normal faulting that strikes N-S, centroid depths of 9-15 km, and moment magnitudes of 5.1-5.3 M w . The scalar moments derived from shorter-period regional waveforms (USGS Regional and SLU) are roughly a factor of 2 smaller than those derived from longer-period teleseismic waveforms (USGS W-phase and gCMT). The three approaches that permit fully deviatoric moment tensors (USGS Regional, USGS W-phase, and gCMT) show negligible nondouble-couple components.
We used the SLU approach described in Herrmann et al. (2011) to invert regional-distance waveforms for moment tensors of the largest foreshock and 74 aftershocks in the 2017 Sulphur Peak sequence. Including the mainshock, this results in a total of 76 moment tensors. The faulting is a mixture of normal and strike-slip; however, the T axis orientations are quite consistent, varying from E-W at the northern edge of the sequence Figure 3 . High-resolution hypocentral locations computed with the relative relocation technique GrowClust (Trugman & Shearer, 2017) . The dots are colored as a function of distance along A-A 0 to better highlight how fault morphology changes along strike. The location of the mainshock is shown with a red star, and depth is plotted relative to sea level. Elevation in the region is approximately 2 km. The light orange polygon shows the location of the 1982 earthquake sequence. The straight, light black lines in the upper right cross sections indicate planar structures that were illuminated by the aftershocks. The low-angle, westward dipping faults may be reactivated thrust sheets, as shown in Evans et al. (2003) . The dark black lines (bracketed by thin dashed lines) show the location of the East Bear Lake Fault (EBLF) at depth assuming a dip of 45° (Collettini & Sibson, 2001) .
to ESE-WNW for the central and southern portions of the sequence (Figure 4) . Hence, the dominant property of the stress field is an E-W oriented horizontal minimum stress (σ H,E-W ) that is significantly smaller than both the vertical stress, σ V , and a comparably sized N-S oriented horizontal stress, σ H,N-S . When σ V > σ H,N-S , such as in the area around the mainshock, normal faulting results, and when σ V < σ H,N-S , strike-slip faulting results. The SLU centroid depths vary from 5 to 12 km and track the UUSS focal depths with negligible bias (mean difference of 0.05 km). The moment magnitudes vary from 3.23 to 4.82 M w and track the UUSS local magnitudes with negligible bias (mean difference of 0.03 units). The unusual strength of the aftershock sequence noted in the introduction is evident in the moment tensor results-the sum of the scalar moments of the 74 aftershocks is 2.4 times that of the (SLU) M w 5.06 mainshock.
We also estimated moment tensors for the largest foreshock and 75 aftershocks using the USGS procedure for inverting regional waveforms. Including the mainshock, this results in a total of 77 moment tensors. This approach is similar to that of Herrmann et al. (2011) ; however, it allows for nondouble-couple solutions. There were also minor differences in passbands and trace selection between the SLU and USGS analyses. The USGS moment tensor results are presented in Figure S10 . The faulting pattern agrees very well with that from the SLU catalog (Figure 4 ) with a mix of strike-slip and normal faulting and a similar rotation in T axes from E-W to ESE-WNW from north to south. The USGS centroids are on average 1.45 km shallower than the UUSS focal depths; however, because the SLU centroids did not show a similar bias, we think that is more likely due to the use of different Earth models as opposed to vertical rupture directivity. The USGS moment magnitudes are larger than those from SLU by an average of~0.03 magnitude units, and the total scalar moment of the aftershocks is 1.8 times that of the (USGS regional) M w 5.2 mainshock.
Discussion
Key observations from the 2017 Sulphur Peak sequence include not only the unusual location within the footwall of an active normal fault but also the unusually high aftershock productivity. Within 40 days of the mainshock there were 17 aftershocks with magnitudes larger than the upper bound of 4.2 M L (mainshock UUSS M L of 5.4 minus 1.2) expected from Båth's law (Båth, 1965) , and 16 of the 17 occurred within 10 days of the mainshock. Following Reasenberg and Jones (1994) , which assumes that only the stress change from the mainshock drives aftershocks, the expected number of such aftershocks is 0-4 and the probability of observing 16 is just 2.3 × 10
À12
. In addition, the cumulative aftershock moment in the 2017 Sulphur Peak sequence is 1.8-2.4 times as large as the mainshock moment, whereas the cumulative aftershock moment of typical crustal earthquake sequences has been estimated as 0.033-0.21 (Kagan & Houston, 2005) and 0.0014-0.20 (Wiens & McGuire, 2000) times as large as the mainshock moment.
At the same time, the 2017 Sulphur Peak sequence had a clear mainshock that was separated by 0.7 magnitude units and~8 days from the largest aftershock-an M L 4.7 event on 10 September 2017. This observation is in contrast to truly swarm-like sequences such as the 2012 Brawley, California, sequence in which the three largest earthquakes had magnitudes of 5.3 M w , 4.9 M w , and 5.4 M w and occurred within a time span of 90 min (Hauksson et al., 2013) or the 2010 Yellowstone swarm, which had several days of increasing magnitude earthquakes and a "mainshock" that was only~0.1-0.2 magnitude units larger than the next largest aftershock (Shelly et al., 2013) . Therefore, we prefer to describe the 2017 Sulphur Peak sequence as a hybrid or Type II (Mogi, 1963) sequence that has properties of both mainshock-aftershock sequences and swarms.
Using the final locations obtained from GrowClust (Figure 3) , we illustrate the space-time migration of aftershocks in Figure 5 . During the first~1 day the aftershocks are confined to within~5 km NNW and SSE of the mainshock, in the area north of~42.6°N that we interpret as the coseismic rupture zone (Pegler & Das, 1996; Tajima & Kanamori, 1985) . The time-magnitude plot for earthquakes north of~42.6°N is similar to that of a typical mainshock-aftershock sequence (Figure 5b ). Beginning~1 day after the mainshock, the aftershock migration rate increases and the sequence migrates about 10 km SSE over the following 10 days. The time-magnitude plot for these more distant aftershocks, south of~42.6°N, is similar to that of a swarm as it has no outstanding principal event (Figure 5c ). The relatively rapid migration rate of 1 km/d is consistent with aftershocks triggered by afterslip (e.g., Hauksson et al., 2017; Perfettini et al., 2018; Ross et al., 2017) .
A close-up of aftershock migration in the first 10 days reveals that several streaks of extremely rapidly migrating events are embedded within the overall trend of~1 km/d ( Figure S11 ). We overlay the trajectories expected for a fluid-driven process using the relationship r = (4πDt) 1/2 , where r is distance, D is hydraulic diffusivity, and t is time (Shapiro et al., 1997) . Diffusivity values of 20-30 m 2 /s are required to match our observations if the fluid source is assumed to start at the time and location of the mainshock, and values of 6-10 m 2 /s are required if the fluid source is shifted in time and space to match the beginning of the southern migration. These diffusivities are lower bounds because we use horizontal along-strike distance for r; using true three-dimensional distance would lead to larger diffusivities. Commonly observed diffusivity values (Shelly et al., 2013) ; hence, we prefer afterslip as the driving mechanism for the southern migration of aftershocks in the 2017 Sulphur Peak sequence.
Dividing the 2017 Sulphur Peak sequence into a conventional aftershock sequence and a swarm-like sequence helps to explain its anomalously high productivity. In the aftershock-type sequence, north of 42.6°N, there are only three events with magnitudes larger than Båth's law bound in the first 10 days (Figure 5b) , which is consistent with the expectations of Reasenberg and Jones (1994) . Analysis of the SLU cumulative moment indicates that the northern aftershocks account for 0.6 times the mainshock moment, while the cumulative moment for the southern swarm events is 1.8 times the mainshock moment. The division of the Sulphur Peak sequence into distinct subsequences is also consistent with the change in fault morphology-with narrower, steeply dipping planar structures south of~42.6°N (Figures 3 and S9 )-and the slight (~10°) clockwise rotation of the horizontal stress axes for earthquakes south of~42.6°N (Figures 4  and S10 ).
Conclusions
High-resolution locations of the 2017 Sulphur Peak, Idaho, earthquake sequence show activation of at least two low-angle (~25°-30°) westward dipping planes and high-angle (~80°) eastward and westward dipping planes, all of which are located in the footwall block of the EBLF. The orientations of these planes are roughly consistent with the nodal planes of the mainshock and many of the large aftershocks. We interpret the lowangle planar structures as reactivated thrust sheets that were originally created during compressional orogenic episodes in the Mesozoic-Paleogene. Several such thrust sheets (e.g., Meade, Absaroka, and Home Canyon) have been imaged in the region with reflection seismology (Evans, 1991; Evans et al., 2003) .
Magnitude-time and cumulative moment calculations indicate that the 2017 Sulphur Peak sequence was too energetic to be explained as a standard mainshock-aftershock sequence. The localized distribution of aftershocks within~5 km of the mainshock is consistent with response to coseismic slip on the rupture plane of a M w 5.3 earthquake (e.g., Ben-Zion & Lyakhovsky, 2006; Dietrich, 1994) ; however, the rapid spatial expansion of aftershocks over 10 km to the SE requires an additional driving force. The two most commonly invoked explanations for excessive, swarm-like aftershocks are fluid diffusion (e.g., Nur & Booker, 1972; Parotidis et al., 2003; Shelly et al., 2013) and aseismic afterslip (Perfettini et al., 2018; Perfettini & Avouac, 2004) . The 2017 Sulphur Peak sequence appears to have migrated to the SE too quickly to be explained solely by fluid diffusion, and we prefer aseismic afterslip as the primary driving force.
Although no GPS or strain meter data are available to test this idea directly, the 2017 Sulphur Peak aftershock migration rates are similar to those of other seismic sequences with confirmed afterslip (e.g., Canitano et al., 2018) , as well as creep events in California (e.g., Linde et al., 1996; Lohman & McGuire, 2007) . The combination of afterslip in the 2017 Sulphur Peak sequence and the cyclic/repeating nature of seismicity in this area-as indicated by the previous energetic, co-located sequences in 1960 and 1982-suggests that southeastern Idaho might be a region with slow-slip or creep (Peng & Gomberg, 2010) , a style of deformation that is consistent with the relatively high strain rates (Payne et al., 2012; Schmeelk et al., 2017) and high heat flow (Blackwell et al., 2011) in the region.
